Aberrantly high levels of tyrosine-phosphorylated signal transducer and activator of transcription 3 (p-STAT3) are found constitutively in~50% of human lung and breast cancers, acting as an oncogenic transcription factor. We previously demonstrated that Manuka honey (MH) inhibits p-STAT3 in breast cancer cells, but the exact mechanism remained unknown. Herein, we show that MH-mediated inhibition of p-STAT3 in breast (MDA-MB-231) and lung (A549) cancer cell lines is accompanied by decreased levels of gp130 and p-JAK2, two upstream components of the IL-6 receptor (IL-6R) signaling pathway. Using an ELISA-based assay, we demonstrate that MH binds directly to IL-6Rα, significantly inhibiting (~60%) its binding to the IL-6 ligand. Importantly, no evidence of MH binding to two other cytokine receptors, IL-11Rα and IL-8R, was found. Moreover, MH did not alter the levels of tyrosine-phosphorylated or total Src family kinases, which are also constitutively activated in cancer cells, suggesting that signaling via other growth factor receptors is unaffected by MH. Binding of five major MH flavonoids (luteolin, quercetin, galangin, pinocembrin, and chrysin) was also tested, and all but pinocembrin could demonstrably bind IL-6Rα, partially (30-35%) blocking IL-6 binding at the highest concentration (50 µM) used. In agreement, each flavonoid inhibited p-STAT3 in a dose-dependent manner, with estimated IC 50 values in the 3.5-70 µM range. Finally, docking analysis confirmed the capacity of each flavonoid to bind in an energetically favorable configuration to IL-6Rα at a site predicted to interfere with ligand binding. Taken together, our findings identify IL-6Rα as a direct target of MH and its flavonoids, highlighting IL-6R blockade as a mechanism for the anti-tumor activity of MH, as well as a viable therapeutic target in IL-6-dependent cancers.
Introduction
The characteristics that define successful cancers include not only the capacity for sustained, self-sufficient proliferation, but also increased resistance to apoptosis, metabolic reprogramming, acquisition of migration and invasion capabilities, and pro-angiogenic potential [1] . In this context, human triple-negative breast cancers (TNBCs) represent a major challenge in treatment owing to their inherent resistance to chemotherapy and high capacity for metastatic spread [2, 3] . Similarly, non-small cell lung cancer (NSCLC), which accounts for the great majority (~85%) of all lung cancers, is relatively resistant to chemotherapy and is associated with poor prognosis, with an expected survival of fewer than two years in patients with advanced disease [4] .
Interleukin-6 (IL-6) is a proinflammatory cytokine with pleiotropic functions in regulating the growth and differentiation of different types of cancer cells, including breast, colon, and lung cancers [5] [6] [7] . The binding of IL-6 to its receptor, IL-6Rα, triggers a heterodimeric association with the signal-transducing receptor gp130 to form a signaling complex that initiates the phosphorylation and activation of Janus kinases JAK1 and JAK2 [8] . This catalyzes the tyrosine phosphorylation of the transcription factor STAT3 (signal transducer and activator of transcription 3), which dimerizes and translocates to the nucleus, thereby initiating a complex transcriptional set that promotes cell growth and inhibits apoptosis [9] .
High levels of IL-6 are expressed in malignant breast cancers where, together with breast stromal fibroblasts, drive both autocrine and paracrine growth through the IL-6/IL-6R/STAT3 positive feedback loop [10] [11] [12] . IL-6 has also been implicated in the malignant transformation of breast cancer stem cells and in the enhancement of cancer cell metastatic potential and epithelial to mesenchymal transition [13] [14] [15] . Similarly, patients with lung adenocarcinoma usually have elevated levels of IL-6, which are associated with poor prognosis [16] [17] [18] . Constitutively, activated tyrosine (Y705)-phosphorylated STAT3 (p-STAT3) has been demonstrated in many human breast [12] and lung [7] cancer cell lines, in 40-50% of primary human breast cancers [12, 19] , and 22-65% of non-small cell lung cancers [20] , making it an attractive target for the development of anti-cancer therapies. The induction of STAT3 transcriptional activity increases the expression of many genes involved in cancer cell proliferation, survival, migration, invasion, angiogenesis, and metastasis [21] . Given the central role of the IL-6-STAT3 pathway in the regulation of breast and lung cancer progression and metastasis, blockade of its various components may potentially lead to new therapeutic modalities.
Previous work from our group demonstrated the potential use of manuka honey (MH) as a modulatory anti-cancer agent [22, 23] . The treatment of human breast cancer cells with MH led to a dose and time-dependent inhibition of the transcriptional activity of STAT3 [23] . The potency of MH in inhibiting this critical signaling pathway in cancer cells was demonstrated by the fact that as low as 0.03% solution (w/v) of MH (equivalent to a concentration of 0.3mg/mL) was sufficient to cause a significant reduction in p-STAT3 levels [23] . Importantly, inhibition of p-STAT3 was accompanied by a reduction in IL-6 secretion, hence depriving breast cancer cells of this critical growth-promoting factor. In this context, MH was able to inhibit the migration, invasion and angiogenic potential of breast cancer cells. These findings identify multiple functional pathways affected by MH in human breast cancer and highlight the IL-6/STAT3 signaling pathway as a potentially critical target in this process [23] . However, the precise mechanism by which MH inhibits p-STAT3 activation remains to be elucidated.
In addition to the IL-6/STAT3 pathway, the diverse properties of cancer cells are regulated by signaling through multiple receptors, including platelet-derived growth factor receptor (PDGF-R), epidermal growth factor receptor (EGF-R), fibroblast growth factor receptor (FGF-R), vascular endothelial growth factor receptor (VEGF-R) and insulin-like growth factor-1 receptor (IGF-1R). Src family kinases are critical mediators in all of these receptor-signaling pathways and play an important role in tumor resistance [24, 25] . Moreover, Src kinases are intricately involved in integrin signaling, thereby regulating tumor metastasis [26, 27] . STAT activation is also known to be induced by growth factor receptors, such as EGF-R, and the Src family of kinases, particularly c-Src [28] . Given the central role played by c-Src in mediating signaling from a multitude of other receptors on cancer cells, the potential effect of MH on Src activity remains unknown.
In the present study, we demonstrate that MH-induced inhibition of oncogenic p-STAT3 in human TNBC cell line MDA-MB-231 and NSCLC cell line A549 is associated with decreased levels of gp130 and p-JAK2 proteins, two critical upstream components of the IL-6R signaling pathway. Importantly, MH had no effect on p-Src levels in both cancer cell lines. Furthermore, using recombinant proteins, we demonstrate that MH binds directly and specifically to IL-6Rα, interfering with the binding of IL-6 ligand. Thus, we identify the IL-6Rα chain as a direct target of MH. Finally, molecular docking studies identified potential binding sites of MH flavonoids on IL-6Rα. Our findings represent the first demonstration of the ability of MH to act as an antagonist of a key pro-oncogenic pathway through binding to the IL-6Rα protein expressed by human breast and lung cancer cells.
Results

MH-Induced Loss of p-STAT3 is Associated with Decreased gp130 and p-JAK2
We have recently demonstrated that MH affects multiple functions of breast cancer cells through the inhibition of p-STAT3 functional activity and IL-6 secretion [23] . As we have previously shown, inhibition of p-STAT3 was observed as early as 15-30 min following incubation of MDA-MB-231 cells with 1% (w/v) MH and was maintained for 4-6 h (ref# [23] and Figure 1A ). Total STAT3 (t-STAT3) protein levels were not affected by MH (ref# [23] and Figure 1B ), which suggest that loss of p-STAT3 is due to post-translational inhibition of tyrosine phosphorylation. Importantly, inhibition of p-STAT3 is paralleled by decreasing levels of gp130 and p-JAK2 proteins ( Figure 1C ,D), two critical upstream components of the IL-6R signaling pathway [29] . It should be noted that the data in Figure 1A ,B is shown here as a control for the new findings shown in Figure 1C ,D.
Constitutive p-STAT3 is Dependent on Autocrine Activation
The presence of constitutively activated p-STAT3 in TNBCs is thought to be due to an autocrine signaling pathway involving IL-6, JAK2, and STAT3 [14] . As demonstrated previously, treatment of MDA-MB-231 cells with 1% MH resulted in a significant inhibition of IL-6 secretion (ref # [23] and Figure 1E ), which was observed as early as 1 h after culture initiation in the presence of MH. This was associated with a reduced level of p-STAT3 in the cells, amounting to a~70% loss in activated STAT3 ( Figure 1F ). Interestingly, incubation of MDA-MB-231 cells for 4 h in the presence of Brefeldin A, which blocks protein egress from the endoplasmic reticulum, also led to a significant loss of p-STAT3 levels ( Figure 1F ). This finding highlights the importance of secreted cellular factors, most importantly, IL-6 [30] , in maintaining the relatively high levels of constitutively active p-STAT3 in these cells. When cells were cultured in the presence of MH plus Brefeldin A, an almost total loss in p-STAT3 was observed ( Figure 1F ).
Figure 1.
MH inhibits the IL-6 receptor signaling pathway in breast cancer cells. MDA-MB-231 cells were exposed to 1% MH, or an equivalent sugar control (SC) solution for the indicated times and analyzed by Western blotting for the relative protein expression of tyrosine-phosphorylated p-STAT3 (A), total STAT3 (B), gp130 (C), and JAK2 / p-JAK2 (D). β-actin was used as a loading control. (E) Analysis of IL-6 secretion in MDA-MB-231 cells by ELISA. MDA-MB-231 cells were exposed to 1% MH for 0.5, 1, 2, and 4 h, following which cell-free supernatants were collected and analyzed for IL-6 content by ELISA. Asterisks denote statistically significant differences in IL-6 levels of the experimental group compared to control (**** p < 0.0001), as determined by two-way ANOVA. (F) Effect of Brefeldin A (1 mg/mL) on the expression of p-STAT3 in MDA-MB-231 cells. The cells were exposed to Brefeldin A alone or with 1% MH for 4 h and analyzed for the expression of p-STAT3. As a control, cells were exposed to 1% SC solution and analyzed. The numbers below each blot indicate changes in band intensity compared to controls, as determined by densitometric analysis. The data are representative of 2-3 independent experiments.
Exposure to MH Causes a Loss of p-STAT3, gp130, and p-JAK2 in A549 Lung Cancer Cells
We have validated the above findings in an independent lung cancer cell line, A549. This NSCLC cell line is known to express high levels of p-STAT3 constitutively [7] . The data, shown in Figure 2 , demonstrate that exposure to 1% MH resulted in a rapid decline in p-STAT3, but not t-STAT3, levels that were first observed at 15 min and was maximal at 1 h (Figure 2A,B ). The inhibition of p-STAT3 was accompanied by a decrease in gp130 and p-JAK2 levels ( Figure 2C ,D), confirming the findings obtained with MDA-MB-231 cells. These data suggest that the inhibitory effect of MH on p-STAT3 levels is not specific to a particular cell line or type of cancer. Figure 1 . MH inhibits the IL-6 receptor signaling pathway in breast cancer cells. MDA-MB-231 cells were exposed to 1% MH, or an equivalent sugar control (SC) solution for the indicated times and analyzed by Western blotting for the relative protein expression of tyrosine-phosphorylated p-STAT3 (A), total STAT3 (B), gp130 (C), and JAK2 / p-JAK2 (D). β-actin was used as a loading control. (E) Analysis of IL-6 secretion in MDA-MB-231 cells by ELISA. MDA-MB-231 cells were exposed to 1% MH for 0.5, 1, 2, and 4 h, following which cell-free supernatants were collected and analyzed for IL-6 content by ELISA. Asterisks denote statistically significant differences in IL-6 levels of the experimental group compared to control (**** p < 0.0001), as determined by two-way ANOVA. (F) Effect of Brefeldin A (1 mg/mL) on the expression of p-STAT3 in MDA-MB-231 cells. The cells were exposed to Brefeldin A alone or with 1% MH for 4 h and analyzed for the expression of p-STAT3. As a control, cells were exposed to 1% SC solution and analyzed. The numbers below each blot indicate changes in band intensity compared to controls, as determined by densitometric analysis. The data are representative of 2-3 independent experiments.
We have validated the above findings in an independent lung cancer cell line, A549. This NSCLC cell line is known to express high levels of p-STAT3 constitutively [7] . The data, shown in Figure 2 , demonstrate that exposure to 1% MH resulted in a rapid decline in p-STAT3, but not t-STAT3, levels that were first observed at 15 min and was maximal at 1 h (Figure 2A 
MH Binds Competitively and Specifically to IL-6Rα
Given the observed inhibitory effects of MH on gp130 protein, we hypothesized that a component(s) of MH could bind directly to the IL-6Rα protein. To test this possibility, we utilized a competitive binding assay using recombinant IL-6Rα and IL-6 reagents and a monoclonal antibody to IL-6. The addition of MH to IL-6Rα-coated wells blocked the binding of its cognate IL-6 ligand in a dose-dependent manner ( Figure 3A ). Significant inhibition levels of 60%, 36%, and 16% were observed at 3%, 1%, and 0.3% MH concentrations, respectively ( Figure 3A ). We also studied the possible interaction between MH and two other cytokine receptors with important pro-tumorigenic roles in breast and lung cancer cells, namely IL-11R, which is a member of the IL-6R family [31, 32] , and the distinct IL-8R (CXCR1) chemokine receptor [33] . Using the above-described competitive binding assay, pre-incubation of MH with either recombinant IL-11Rα or IL-8R proteins failed to affect their binding by their respective cytokines ( Figure 3B ). Thus, unlike the case with IL-6Rα, MH does not appear to bind to either IL-11Rα or IL-8R in a manner that disrupts the binding of their cognate ligands. To further investigate the selectivity of MH actions in cancer cells, we tested the effect of MH exposure on p-Src and total Src levels in both MDA-MB-231 and A549 cells ( Figure  3C ,D). The c-Src proto-oncogene is activated by tyrosine phosphorylation in response to multiple growth factors, integrin, and hormone receptors [34] . The data show that MH has no effect on the levels of p-Src or total Src in MDA-MB-231 ( Figure 3C ) and A549 cells ( Figure 3D ), suggesting that 
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MH does not interfere with Src-dependent signaling pathways in cancer cells. These findings confirm that MH binds selectively to the IL-6Rα protein with sufficient affinity to compete out the binding of the IL-6 ligand to its receptor. Nevertheless, it is important to note that these findings do not exclude the possibility of MH binding to other receptors expressed by cancer cells. Figure 3 . MH inhibits IL-6/STAT3 signaling pathway by selective blockade of IL-6Rα. (A) ELISAbased binding assay was performed to test for a possible direct association between MH and IL-6Rα and its consequences on IL-6 binding to its receptor. For the competition assay, various concentrations of MH (0.03-3%) or sugar control solution (SC) were tested for the ability to inhibit the binding of IL-6 protein to immobilized sIL-6Rα competitively. (B) A comparison of the ability of MH to bind different cytokine receptors (IL-6Rα, IL-8R, and IL-11Rα). Pre-incubation of various concentrations of MH (3%, 0.3%, and 0.03%) with either recombinant IL-11Rα or IL-8R proteins failed to affect the binding of their respective cytokines. The data depict the % change in the binding of the ligands to their respective receptors in the presence of MH. The data are expressed as means ± SD of 4-6 replicates per group and are pooled from two independent experiments. Asterisks denote statistically significant differences in MH-treated samples compared to control wells (* p < 0.05; ** p < 0.01; *** p < 0.001), as determined by the unpaired, two-tailed Student's t-test. (C-D) MH does not alter tyrosinephosphorylated Src (p-Src) or total Src kinase levels. (C) MDA-MB-231 cells were treated with 1% MH for the indicated time points (C) and analyzed by Western blotting for the relative protein expression of p-Src, total Src, or β-actin, as control. (D) A549 cells were similarly exposed to 1% MH for the indicated times and analyzed for p-Src and total Src expression. The numbers below each blot indicate changes in band intensity compared to control, as determined by densitometric analysis. The data are representative of three independent experiments.
MH Flavonoids Bind to IL-6Rα
We next tested the potential binding of flavonoid compounds to IL-6Rα protein. Four of the major flavonoids present in MH, including luteolin, chrysin, quercetin, and galangin [35] , were tested individually for binding to IL-6Rα and their ability to compete out the binding of IL-6. The findings ELISA-based binding assay was performed to test for a possible direct association between MH and IL-6Rα and its consequences on IL-6 binding to its receptor. For the competition assay, various concentrations of MH (0.03-3%) or sugar control solution (SC) were tested for the ability to inhibit the binding of IL-6 protein to immobilized sIL-6Rα competitively. (B) A comparison of the ability of MH to bind different cytokine receptors (IL-6Rα, IL-8R, and IL-11Rα). Pre-incubation of various concentrations of MH (3%, 0.3%, and 0.03%) with either recombinant IL-11Rα or IL-8R proteins failed to affect the binding of their respective cytokines. The data depict the % change in the binding of the ligands to their respective receptors in the presence of MH. The data are expressed as means ± SD of 4-6 replicates per group and are pooled from two independent experiments. Asterisks denote statistically significant differences in MH-treated samples compared to control wells (* p < 0.05; ** p < 0.01; *** p < 0.001), as determined by the unpaired, two-tailed Student's t-test. (C,D) MH does not alter tyrosine-phosphorylated Src (p-Src) or total Src kinase levels. (C) MDA-MB-231 cells were treated with 1% MH for the indicated time points (C) and analyzed by Western blotting for the relative protein expression of p-Src, total Src, or β-actin, as control. (D) A549 cells were similarly exposed to 1% MH for the indicated times and analyzed for p-Src and total Src expression. The numbers below each blot indicate changes in band intensity compared to control, as determined by densitometric analysis. The data are representative of three independent experiments.
We next tested the potential binding of flavonoid compounds to IL-6Rα protein. Four of the major flavonoids present in MH, including luteolin, chrysin, quercetin, and galangin [35] , were tested individually for binding to IL-6Rα and their ability to compete out the binding of IL-6. The findings of this analysis, illustrated in Figure 4 , show that all four flavonoids could interfere with IL-6 binding to its receptor in a dose-dependent fashion (Figure 4 ). The extent of the observed inhibition using 50 µM concentration was 34.3%, 22.4%, 31.8%, and 29.2% for galangin, luteolin, chrysin, and quercetin, respectively (Figure 4 ). At 10-fold lower concentrations, decreased but significant inhibition was still observed with galangin, chrysin and quercetin ( Figure 4 ). It is evident that the degree of inhibition observed with flavonoid compounds at 50 µM concentration was equivalent to the inhibition seen using <1% (~0.3%) MH solution ( Figure 4) . A fifth flavonoid, pinocembrin, was also tested but no significant binding to IL-6Rα was observed (data not shown). We conclude that at least four of the major MH flavonoids tested have the capacity to associate with, and block ligand binding to, IL-6Rα protein.
of this analysis, illustrated in Figure 4 , show that all four flavonoids could interfere with IL-6 binding to its receptor in a dose-dependent fashion (Figure 4 ). The extent of the observed inhibition using 50 μM concentration was 34.3%, 22.4%, 31.8%, and 29.2% for galangin, luteolin, chrysin, and quercetin, respectively (Figure 4 ). At 10-fold lower concentrations, decreased but significant inhibition was still observed with galangin, chrysin and quercetin ( Figure 4 ). It is evident that the degree of inhibition observed with flavonoid compounds at 50 μM concentration was equivalent to the inhibition seen using <1% (~0.3%) MH solution ( Figure 4) . A fifth flavonoid, pinocembrin, was also tested but no significant binding to IL-6Rα was observed (data not shown). We conclude that at least four of the major MH flavonoids tested have the capacity to associate with, and block ligand binding to, IL-6Rα protein. for binding to IL-6Rα and the ability to compete out the binding of IL-6. The data are expressed as means ± SD of 2-4 replicates per group and are representative of at least two independent experiments. Asterisks denote statistically significant differences in percent inhibition of ligandreceptor binding in MH or flavonoid-treated samples compared to control wells (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001), as determined by the unpaired, two-tailed Student's t-test.
MH Flavonoids Exhibit Differential Inhibitory Capacity on STAT3 Phosphorylation
We showed previously that low concentrations of MH (as little as 0.03% w/v, or 3 mg/mL) could effectively decrease p-STAT3 levels in MDA-MB-231 cells by ~50% [23] . Since flavonoid compounds could demonstrably bind to IL-6Rα, the relative capacity of individual compounds (galangin, luteolin, chrysin, quercetin, and pinocembrin) to inhibit p-STAT3 in MDA-MB-231 cells was investigated next. Representative Western blots are shown in Figure 5 and the estimated concentration of each flavonoid to cause a 50% inhibition (IC50) in p-STAT3 levels is illustrated in Figure 6A -E. For comparison, the calculated IC50 for MH is also shown ( Figure 6F ). The findings show that flavonoids exhibit relative differential capacities to inhibit p-STAT3 ( Figure 5A -E; Figure 6A -E). Among the tested compounds, luteolin, galangin, and chrysin were the most effective, with an approximate IC50 of 3.5, 4.4, and 7.7 μM, respectively ( Figure 6A -C). They also exhibited similar doseresponses to that of MH. Quercetin and pinocembrin were the least effective in inhibiting p-STAT3, with approximate IC50 of 51 and 70.2 μM, respectively, and exhibited quite distinct dose-response attributes compared to the other flavonoid compounds ( Figure 6D , E). We conclude that more than one flavonoid compound could act to suppress the functional activity of p-STAT3 in MDA-MB-231 breast cancer cells, with varying degree of relative efficacy. for binding to IL-6Rα and the ability to compete out the binding of IL-6. The data are expressed as means ± SD of 2-4 replicates per group and are representative of at least two independent experiments. Asterisks denote statistically significant differences in percent inhibition of ligand-receptor binding in MH or flavonoid-treated samples compared to control wells (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001), as determined by the unpaired, two-tailed Student's t-test.
We showed previously that low concentrations of MH (as little as 0.03% w/v, or 3 mg/mL) could effectively decrease p-STAT3 levels in MDA-MB-231 cells by~50% [23] . Since flavonoid compounds could demonstrably bind to IL-6Rα, the relative capacity of individual compounds (galangin, luteolin, chrysin, quercetin, and pinocembrin) to inhibit p-STAT3 in MDA-MB-231 cells was investigated next. Representative Western blots are shown in Figure 5 and the estimated concentration of each flavonoid to cause a 50% inhibition (IC 50 ) in p-STAT3 levels is illustrated in Figure 6A -E. For comparison, the calculated IC 50 for MH is also shown ( Figure 6F ). The findings show that flavonoids exhibit relative differential capacities to inhibit p-STAT3 ( Figure 5A -E; Figure 6A -E). Among the tested compounds, luteolin, galangin, and chrysin were the most effective, with an approximate IC 50 of 3.5, 4.4, and 7.7 µM, respectively ( Figure 6A -C). They also exhibited similar dose-responses to that of MH. Quercetin and pinocembrin were the least effective in inhibiting p-STAT3, with approximate IC 50 of 51 and 70.2 µM, respectively, and exhibited quite distinct dose-response attributes compared to the other flavonoid compounds (Figure 6D,E) . We conclude that more than one flavonoid compound could act to suppress the functional activity of p-STAT3 in MDA-MB-231 breast cancer cells, with varying degree of relative efficacy. Since the concentration of each flavonoid in MH was previously published [35] , we wished to compare the IC 50 concentration for p-STAT3 inhibition of each flavonoid when used alone or as part of the whole MH solution. The mean reported concentrations of flavonoids in MH are 0.035, 0.136, 0.131, 0.024, and 0.174 mg/100 g MH for galangin, luteolin, chrysin, quercetin, and pinocembrin, respectively [35] . Given that the estimated IC 50 of MH is 0.04% (~0.4 mg/mL), we could calculate the concentration of each flavonoid in 0.04% solution and compare that with the corresponding concentration estimated to result in 50% inhibition of p-STAT3 when each flavonoid is used in the pure form alone. The results of this comparison highlight an important point, namely that the concentration of each flavonoid compound necessary to induce a 50% inhibition of p-STAT3 activity is 2000 to >160,000-fold higher when used individually compared to when used in combination as MH solution ( Figure 6G ). We are fully cognizant of the limitations inherent in this rather simplistic comparative analysis, as there are presumably many other constituent compounds within MH that could potentially influence p-STAT3 levels. Nevertheless, this analysis suggests a substantial degree of synergism in the way that flavonoids, with perhaps other bioactive components, act on cancer cells.
Docking Analysis Reveals Preferential Interaction Between Flavonoid Compounds and IL-6Ra
Despite the fact that IL-6 and IL-11 belong to the same cytokine family, structural differences between human IL-6 and IL-11 in their receptor-binding characteristics have been described [36] . Furthermore, the results of our ELISA binding studies suggest that MH and flavonoids can interact with IL-6Rα but not IL-11Rα proteins. While the crystal structure of IL-6Rα is known [37] , that of the IL-11Rα remains undetermined. To further our understanding of the underlying mechanism of MH action and its major flavonoids on the IL-6R signaling pathway, we performed docking analysis of different flavonoid compounds with IL-6Rα chain. The high-resolution crystal structure of the extracellular domains of the human IL-6Rα was used to predict the possible binding interactions of MH flavonoids (luteolin, quercetin, chrysin, galangin, and pinocembrin) to this receptor. We used SwissDock and UCSF Chimera to analyze the interactions of each flavonoid with IL-6Rα protein. The X-ray structure of the extracellular domains of human IL-6Rα consists of the N-terminal Immunoglobulin (Ig) domain (D1, residues 1-93) linked to the classical cytokine binding domains D2 (residues 94-194) and D3 (residues 195-299) [37] . As the cytokine-binding domain has been shown to be responsible for both ligand binding and signal transduction [38] , we focused on the docking poses of flavonoids binding in this domain, which is consistent with the available biological data of IL-6Rα receptor.
The results of the molecular docking analysis of the binding of flavonoids in the protein pockets of the classical cytokine binding domain D2 of human IL-6Rα are illustrated in Figure 7 and Table 1 . The conformation of luteolin shows that it could be able to form four hydrogen bonds in interaction with the residues of Pro 7, Ala127, Cys146, and Cys174, making it a favorable binding site ( Figure 7A ). The residues Cys146 and Cys174 located on the beta-strands in the NH2-terminal barrel of cytokine-binding domain D2 interacted with the flavonoids. Substitutions in any of the four Cys residues located on such beta strands have been reported to result in a complete loss of ligand binding to IL-6Rα [38] . Hence, the interaction between luteolin and IL-6Rα is likely to inhibit the binding of the IL-6 ligand to the receptor by altering the affinity or protein conformation of the receptor. Similar findings were obtained when binding of the other four flavonoids to IL-6Rα was analyzed ( Table 1 and Figure 7B -E). The conformation of quercetin could form three hydrogen bonds with Pro7, Cys146, and Cys174 residues in a single binding pocket of the receptor protein ( Figure 7D) . In contrast, chrysin docking on D2 domain could be simulated in two different conformations. In the first, chrysin could form two hydrogen bonds with Pro 7 and Cys174 residues (cluster 6; Figure 7C , Table 1 ). In an alternative conformation, chrysin could form two hydrogen bonds with Cys146 and Ala127 residues of another favorable binding pocket of the receptor (cluster 22; ∆G -6.62; not shown). Pinocembrin could form two hydrogen bonds with Lys 126 and Cys174 in a favorable binding pocket D2 domain, as shown in Figure 7E and Table 1 . Finally, the conformation of galangin has three hydrogen bonds with Arg5, Glu10, and Gln 43 in another favorable binding pocket of receptor ( Figure 7B , Table 1 ). Thus, luteolin, quercetin, chrysin, pinocembrin, and galangin flavonoids could interact with domain D2 of IL-6Ra receptor by forming different hydrogen bonds in favorable binding pockets with different binding energies. As reported previously [37] , the expected binding position of IL-6 would be in the region of the outer elbow formed at the junction of D2 and D3, characterized by four loops [S106-N110 (L1), K133-P138 (L2), A160-F168 (L3), Q190-G193 (L4)] from D2 and three loops [S227-R233 (L5), M250-H256 (L6), and Q276-Q281 (L7)] from D3. Accordingly, IL-6 would engage residues in some of these loops. In our molecular docking study, the location of binding pockets on the D2 cytokine binding domain is found in the nearby region to the L2 and L3 loops. Therefore, the docking conformations in the present study suggest the binding of flavonoids to IL-6Rα protein can inhibit IL-6 binding by altering the affinities or protein conformation of the receptor. It should be noted that while the in silico docking studies allow us to make predictions on the binding of flavonoids to IL-6Rα, these results require validation by direct flavonoid/IL6-Rα protein interaction studies as well as mutagenesis experiments. D2 domain, as shown in Figure 7E and Table 1 . Finally, the conformation of galangin has three hydrogen bonds with Arg5, Glu10, and Gln 43 in another favorable binding pocket of receptor ( Figure  7B , Table 1 ). Thus, luteolin, quercetin, chrysin, pinocembrin, and galangin flavonoids could interact with domain D2 of IL-6Ra receptor by forming different hydrogen bonds in favorable binding pockets with different binding energies. As reported previously [37] , the expected binding position of IL-6 would be in the region of the outer elbow formed at the junction of D2 and D3, characterized by four loops [S106-N110 (L1), K133-P138 (L2), A160-F168 (L3), Q190-G193 (L4)] from D2 and three loops [S227-R233 (L5), M250-H256 (L6), and Q276-Q281 (L7)] from D3. Accordingly, IL-6 would engage residues in some of these loops. In our molecular docking study, the location of binding pockets on the D2 cytokine binding domain is found in the nearby region to the L2 and L3 loops. Therefore, the docking conformations in the present study suggest the binding of flavonoids to IL-6Rα protein can inhibit IL-6 binding by altering the affinities or protein conformation of the receptor. It should be noted that while the in silico docking studies allow us to make predictions on the binding of flavonoids to IL-6Rα, these results require validation by direct flavonoid/IL6-Rα protein interaction studies as well as mutagenesis experiments. 
Discussion
We previously identified p-STAT3 as an early molecular target of MH in cancer. MH causes a rapid loss of p-STAT3 in human breast cancer cells, reducing their proliferation, migration, and invasiveness [23] . In the present study, we demonstrate that exposure to MH leads to a decline in p-STAT3 levels in human A549 lung cancer cells with very similar kinetics to that observed in MDA-MB-231 cells. Moreover, we show that the loss of p-STAT3 is accompanied by a decrease in the levels of gp130 and p-JAK2, two upstream regulators of p-STAT3 activity in breast (MDA-MB-231) and lung (A549) cancer cells. Importantly, our current findings demonstrate, and for the first time, that MH binds directly and competitively to IL-6Rα protein, competing out the binding of IL-6 ligand. To the extent of the limited receptor types tested herein, the binding of MH to IL-6Rα appears to be specific, as no binding to the closely related IL-11Rα or to IL-8R was evident. Moreover, exposure to MH had 
We previously identified p-STAT3 as an early molecular target of MH in cancer. MH causes a rapid loss of p-STAT3 in human breast cancer cells, reducing their proliferation, migration, and invasiveness [23] . In the present study, we demonstrate that exposure to MH leads to a decline in p-STAT3 levels in human A549 lung cancer cells with very similar kinetics to that observed in MDA-MB-231 cells. Moreover, we show that the loss of p-STAT3 is accompanied by a decrease in the levels of gp130 and p-JAK2, two upstream regulators of p-STAT3 activity in breast (MDA-MB-231) and lung (A549) cancer cells. Importantly, our current findings demonstrate, and for the first time, that MH binds directly and competitively to IL-6Rα protein, competing out the binding of IL-6 ligand. To the extent of the limited receptor types tested herein, the binding of MH to IL-6Rα appears to be specific, as no binding to the closely related IL-11Rα or to IL-8R was evident. Moreover, exposure to MH had no effect on the levels of a constitutively active p-Src kinase in MDA-MB-231 and A549 cancer cells. Given that p-Src is induced by different types of growth factors, hormone, and integrin receptors in cancer cells, the lack of its inhibition by MH suggests that the latter does not interfere with ligand binding to multiple receptor types, including PDGF-R, EGF-R, FGF-R, VEGF-R, and IGF-1R [34] . We conclude that the capacity of MH to inhibit p-STAT3 is most likely a consequence of its ability to bind directly to IL-6Rα protein and interfere with the JAK-STAT3 signaling pathway. However, the possibility that MH may also interfere with other pro-tumorigenic receptors in cancer cells cannot be completely excluded.
The IL-6 signaling pathway plays an important role in linking chronic inflammation to tumorigenesis, being directly involved in both cancer initiation and progression [39] . The functional activity of IL-6 is dysregulated in a variety of malignancies, including breast, lung, pancreatic, colorectal, gastric, blood, and skin cancers, and high serum IL-6 levels are associated with bad prognosis in cancer patients [40] [41] [42] . There are two well-characterized ways in which IL-6R signaling takes place. Classical signaling is initiated by the binding of IL-6 to the membrane-bound IL-6Rα chain, which recruits gp130 to form a hexameric IL-6/IL-6R/gp130 complex, ultimately leading to the phosphorylation and activation of STAT3 [43] . The membrane form of IL-6Rα is expressed only on hepatocytes and some immune cells, such as neutrophils and monocytes/macrophages, and has been suggested to be primarily important for the anti-inflammatory and regenerative activities of IL-6 [44] . The second type of signaling, termed trans-signaling, is dependent on the release of a soluble form of the IL-6Rα (sIL-6Rα) by either alternative splicing of the IL-6Rα transcript or by proteolytic cleavage of the membrane-bound form. Trans-signaling is initiated when a complex is formed between IL-6 and sIL-6Rα, which subsequently binds to the membrane-expressed gp130 unit and triggers downstream events in the pathway [44] . Given that gp130 is ubiquitously expressed in many cell types, including cancer cells, trans-signaling is the predominant form of IL-6 signaling in inflammation and cancer [45] [46] [47] . Since MDA-MB-231 and A549 cancer cells lack surface expression of IL-6Rα (unpublished data), it is likely that MH exerts its anti-tumor effect via binding to sIL-6Rα, inhibiting its association with the IL-6 cytokine and ultimately preventing the triggering of the IL-6 trans-signaling pathway.
There is mounting evidence showing that blocking of IL-6 trans-signaling not only inhibits tumor initiation in animal models but can also interfere with the growth of established tumors [45, 46, 48, 49 ]. An inhibitory mAb, Tocilizumab that binds human IL-6R and blocks its binding to IL-6 has been developed and is currently approved for the treatment of autoimmune conditions [50] . Moreover, several studies have highlighted the potential of using inhibitors of IL-6R in preclinical cancer models [51] [52] [53] [54] . The current study is the first to demonstrate the ability of natural compounds, such as MH, to bind sIL-6R and interfere with IL-6 trans-signaling in cancer cells.
The potential contribution of flavonoid compounds to the binding of the IL-6Rα protein was also investigated. The data revealed that with the exception of pinocembrin, each of the other major flavonoids in MH (luteolin, quercetin, chrysin, and galangin) is able to bind IL-6Rα and, in the 5-50 µM concentration range, resulting in a moderate, albeit statistically significant, inhibition (30-35%) in the binding of the cognate IL-6 ligand. Molecular docking studies confirmed that, due to the similarity in their structure, each flavonoid compound could bind IL-6Rα at a site that would be predicted to affect ligand binding. Functional studies demonstrated that flavonoid compounds also have a differential capacity to inhibit p-STAT3. In terms of relative IC 50 , luteolin, galangin and chrysin were most effective in inhibiting p-STAT3 (IC 50 of 3.5 µM, 4.4 µM, and 7.7 µM, respectively), while quercetin and pinocembrin were the least effective (IC 50 of 51 µM and 70.2 µM, respectively). The fact that pinocembrin exhibited the lowest efficacy in p-STAT3 inhibition correlates well with our inability to detect any binding between this flavonoid and IL-6Rα at the maximum dose used (50 µM). It is important to state that the IC 50 estimates based on densitometry quantification of p-STAT3 levels by Western blots are only semi-quantitative. As such, our data serve to solely illustrate the relative potency of the different flavonoids in p-STAT3 inhibition. Taken together, these findings suggest flavonoid compounds may well be responsible for MH-mediated inhibition of the IL-6/STAT3 signaling pathway in human breast and lung cancer cells.
We undertook a comparative analysis of the IC 50 for p-STAT3 inhibition of each flavonoid compound when used alone or as part of the MH mixture. This analysis revealed that much higher concentrations of each major flavonoid are needed to affect p-STAT3 levels in breast cancer cells when used in pure form in comparison with the whole MH solution. In fact, based on the known concentration of each flavonoid compound in MH, we estimate that MH as a mixture is 2000 to 160,000-fold more efficacious in blocking STAT3 activity than any flavonoid used individually. These findings are in line with previously published data by other investigators showing that a combination of polyphenols or mixtures of polyphenols with vitamins, amino acids, and other micronutrients exhibited superior anti-cancer activity than individual compounds [55] .
The capacity of some flavonoids to inhibit p-STAT3 activity has been described. A high dose of quercetin (66 µM) was found to reduce p-STAT3 levels in lung cancer cells after a long incubation period (12-24 h) by an indirect effect on NF-κB activation and IL-6 production [56] . Similarly, high concentrations (40-80 µM) of chrysin were recently shown to inhibit p-STAT3 via the production of ROS in human bladder cancer cells [57] . This was observed mostly after 24 h of incubation with chrysin, suggesting an indirect effect. Of note, no evidence for ROS generation was observed in MH-treated MDA-MB-231 human breast cancer cells [23] , indicating that inhibition of p-STAT3 in these cells is largely ROS-independent. Furthermore, several studies reported the capacity of luteolin to inhibit STAT3 in different types of cancer cells, including breast, stomach, lung, liver, pancreas, cervix, and bile duct cancers [58] [59] [60] [61] [62] [63] [64] . Mechanistically, luteolin appears to directly bind to Hsp90, a molecular chaperone that stabilizes p-STAT3 [59] . This, in turn, inhibits Hsp90 and promotes the degradation of p-STAT3 [58, 59] . Whether a similar mechanism could underlie the inhibition observed in MH-treated breast cancer cells is unknown. It is interesting to note; however, that luteolin-mediated inhibitory effects on different cancer cell types were observed at 20-50 µM concentration range (~6-14 µg/mL), which are at least 400-1000-fold higher than the concentration of luteolin in 1% (w/v) MH solution used in the present study [23, 35] . Given the above findings with the different flavonoids, it is not unreasonable to propose that flavonoids could exert their effects through interfering with IL-6R signaling.
In addition to IL-6, breast and lung cancer cells are known to rely on autocrine signaling by IL-11 for their tumor-associated functions, including survival, invasion, and metastasis [31, 32] . IL-6 and IL-11 cytokines are closely related and signal exclusively through the signal-transducing receptor gp130 to activate the JAK-STAT3 pathway [65] . Moreover, available evidence indicates that both IL-6 and IL-11 cytokines are produced constitutively at equivalent levels by breast cancer cells [66, 67] . Our findings suggest that MH interacts selectively with IL-6Rα and interferes with its ligand binding. Nevertheless, in our model system, exposure of breast cancer cells to MH leads to a rapid loss of >80% of activated p-STAT3 protein [23] , which is also associated with decreased gp130 and p-JAK2 levels. The fact that the substantial loss of p-STAT3 is seen under conditions affecting only IL-6/IL-6R signaling suggests that the contribution of IL-11/IL-11R to maintaining constitutive p-STAT3 levels in these cancer cells is relatively small. Alternatively, these findings may suggest that MH components could act at additional levels downstream of the IL-6R signaling pathway. A case in point is the previous demonstration that luteolin could also interact with Hsp90 and promote the degradation of p-STAT3 [59] . Therefore, studies in which the effect of MH or its flavonoid components is tested on cancer cells in the presence of exogenous IL-6 or IL-11 could further our understanding of the molecular targets within breast and lung cancer cells.
In conclusion, the present findings identify IL-6Rα as a selective target for MH and its flavonoid constituents. This is based on three lines of evidence. First, MH binds to and interferes with the ligand binding to IL-6Rα, but not the closely related IL-11Rα or IL-8R proteins. Second, in silico docking studies reveal favorable binding to IL-6Rα at sites predicted to affect ligand binding. Third, MH does not inhibit tyrosine phosphorylation of c-Src kinase, another major proto-oncogene in a variety of human cancers. Since p-Src is induced by a large group of growth factor, integrin and hormonal receptors [34] , the absence of any inhibition by MH suggests a lack of association with these other receptors/signaling pathways. Identification of the molecular targets of MH and characterization of the mechanisms underlying its inhibitory effects on cancer cells will lead to a better understanding of the applicability of, and the most appropriate approach for the use of, MH and/or its bioactive constituents as therapeutic agents in cancer treatment [68] .
Materials and Methods
Cell Line and Reagents
The human breast cancer cell line MDA-MB-231 was maintained in complete DMEM supplemented with 10% fetal bovine serum (FBS) (Hyclone-GE Healthcare life Sciences, Pittsburg, USA), as previously described [22] . The human NSCLC cell line A549 was maintained in RPMI 1640 (Hyclone) supplemented with antibiotics (penicillin 50 U/mL; streptomycin 50 µg/mL) and 10% FBS. In all experiments, cell viability was higher than 99% using trypan blue dye exclusion. MH (UMF ® 20+) was purchased from ApiHealth (Auckland, New Zealand). As a control for MH, we used a sugar solution (designated Sugar Control or SC) containing equivalent concentrations of the three major sugars in honey (38.2% fructose, 31.3% Glucose, and 1.3% Sucrose), as described [23] . The MH flavonoid compounds (luteolin, quercetin, galangin, chrysin, and pinocembrin) were purchased from Sigma (St. Louis, MO, USA). For all reagents, appropriate dilutions to the desired concentrations were freshly made before addition to the cell cultures. Flavonoid stocks were made in DMSO and diluted to required concentrations in 5% DMEM for cell culture or in PBS for use in ELISA binding assay. Similarly-diluted DMSO solution in 5% DMEM or PBS was used as a control for the flavonoids.
Western Blot Analysis
The expression of different proteins involved in IL-6 signaling pathway was analyzed by Western blots, as previously described [23, 69] . Briefly, MDA-MB-231 or A549 cells (2 × 10 6 cells/well) were seeded overnight in DMEM/RPMI plus 2% FBS, followed by incubation with MH or sugar control (SC) in 5% FBS-DMEM/RPMI for different times, as indicated in the figures. In some studies, we investigated the effect of treatment with different flavonoid compounds on p-STAT3 expression using a range of doses (0.4-50 µM). In other experiments, we also studied the effect of incubating MDA-MB-231 cells in the presence of Brefeldin A (BFA; 1 mg/mL) alone or with 1% MH for 4 h on p-STAT3 levels. Cell extracts were prepared in RIPA buffer and subjected to Western blot analysis using antibodies (purchased from Cell Signaling Technology, Danvers, MA, USA) specific to total STAT3 (t-STAT3), tyrosine-phosphorylated (Tyr705) STAT3 (p-STAT3), gp130, JAK2, tyrosine-phosphorylated (Tyr1007/1008) JAK2 (p-JAK2), tyrosine-phosphorylated (Tyr416) Src family (p-Src), total Src, and β-actin. Densitometric analysis of the band intensity on the blots was done using ImageJ (National Institutes of Health, USA). We modeled the binding inhibition pharmacodynamics of p-STAT3 levels as standard drug-receptor interactions based on mass-action kinetics. Specifically, dose response was modelled as:
where Y is the receptor occupancy, L is the ligand concentration, and K is a compound-specific association constant.
Enzyme-Linked Immunosorbent Assay
The effect of MH treatment on IL-6 secretion was analyzed by ELISA, following established protocols [23, 70] . MDA-MB-231 cells were seeded overnight in 2% FBS-DMEM in six-well plates (2 × 10 6 /well), and then incubated in 5% FBS medium in the presence of 1% MH for different times (0.5-4 h). Cell-free culture supernatants were then collected and analyzed for IL-6 content by a specific ELISA (Biolegend, San Diego, CA, USA) according to the manufacturer's recommendations.
Competitive Cytokine Receptor Binding Assays
We used an ELISA-based assay [71] to determine if MH can bind to recombinant IL-6Rα, IL-8R, and IL-11Rα proteins (all purchased from R&D Systems; Minneapolis, MN, USA). IL-6Rα (2 µg/mL), IL-8R (0.5 µg/mL), or IL-11Rα (1 µg/mL) proteins were coated on 96-well plates by overnight incubation at 4 • C. The plates were then washed with PBS + 0.05% tween 20 and blocked with PBS containing 1% BSA for 1 h at room temperature. For competition assay, various concentrations of MH (0.03-3%) were added to recombinant receptor-coated plates and incubated for 1 h at room temperature. After thorough washing, recombinant IL-6, IL-8, or IL-11 cytokines were added (50 ng/mL) and incubated for 1 h at 37 • C. The plates were then thoroughly washed and biotin-conjugated mAbs to IL-6 (0.25 µg/mL), IL-8 (0.5 µg/mL) or IL-11 (0.5 µg/mL) were added for 1 h at room temperature. After another round of washing, HRP-conjugated streptavidin was added for 30 min, washed, and developed by adding 3,3 ,5,5 -Tetramethylbenzidine (TMB) substrate for 10 min. Additionally, the potential effect of flavonoid compounds (luteolin, quercetin, galangin, and chrysin; dose range 0.5-50 µM) on binding to IL-6Rα was investigated in the same assay. The dose-response was modeled based on mass-action kinetic drug-response interactions.
Docking Analysis
The high-resolution crystal structure of the extracellular domains of the human interleukin-6 receptor alpha-chain [37] (IL-6Rα, PDB code: 1N26) from the RCSB protein data bank (https://www. rcsb.org/structure/1N26) was fetched in UCSF Chimera [72] to retain the protein structure. The protein structure of IL-6Rα was used to predict the possible binding interactions of each flavonoid (luteolin, quercetin, chrysin, galangin, and pinocembrin) with it. The flavonoids were fetched by their PubChem ID into the UCSF Chimera, and their MOL2 files with all hydrogens and 3D coordinates were submitted to the web-based SwissDock program along with the PDB files of IL-6Rα structure for docking study. The docking was performed at default parameters [73] . The predicted docking files generated from Swiss dock were visualized and analyzed in UCSF Chimera to study interactions of each flavonoid with the IL-6Rα protein. Our approach to select a docking pose combined the docking characteristics between the IL-6Rα and the structurally similar flavonoid ligands, identification of experimentally reported mutated residues that inhibit ligand binding to the receptor, hydrogen bonds, the domain reported for the cytokine binding to the receptor and ligand-receptor binding energies.
Statistical Analysis
Statistical significance between control and treated groups was analyzed using the unpaired, two-tailed Student's t-test, using the statistical program of GraphPad Prism version 6 software (San Diego, CA, USA). For multiple comparisons, we used ordinary two-way ANOVA (GraphPad Prism). Differences between the experimental groups were considered significant when p values were <0.05. Nonlinear regression best-fit curve analysis was used to determine the IC 50 for p-STAT3 inhibition.
